The physiological implication of elevated cortisol levels on cellular heat shock protein 70 (hsp70) response was examined using primary cultures of rainbow trout (Oncorhynchus mykiss) hepatocytes. Trout hepatocytes treated with cortisol, the predominant glucocorticoid in teleosts, responded to the heat shock (+15°C for 1 h) with a significant drop in hsp70 accumulation over a 24 h recovery period.
INTRODUCTION
Cortisol, the predominant glucocorticoid in vertebrates including teleost fish, plays an important role in the stress response process, especially in allowing animals to regain homeostasis (1) . The major pathway for cortisol signalling is genomic and is mediated by the cytoplasmic glucocorticoid receptor (GR) 1 , which functions as a transcription factor upon ligand binding (2) . A well studied metabolic action of cortisol during stress involves GR-induced glucose production (1, 3) and this response is mediated by the synthesis of key proteins including the gluconeogenic enzyme phosphoenolpyruvate carboxykinase (4) . Consequently, physiological and/or pharmacological conditions that lower GR capacity may result in decreased metabolic responses to stress, including the heat shock response (5).
The heat shock response involves the synthesis of a suite of highly conserved heat shock proteins (hsps) as part of the cellular stress response process to cope with the insult (6) . The 70 kDa family of hsps (hsp70) are abundant and the most widely studied of the hsps and are known to have a number of important chaperoning functions including aiding in the folding of new proteins, refolding of incorrectly folded proteins, reducing protein aggregates, presenting proteins in a conformation suitable for degradation by the proteasome, and presenting steroid receptors in a ligand-binding conformation (7) . The induction of hsp70 in response to stressors is thought to be critical to prevent proteotoxicity and enhance cell survival (8) and is perhaps the reason for the preferential synthesis of hsps even at the expense of other cellular proteins (5) .
Recent studies allude to a possible link between the stress-induced cortisol response and the cellular heat shock response. Chronic glucocorticoid treatment in vivo decreased the heat shock-induced hsp70 expression in two species of teleost fish liver (9) and rat brain slices (10) .
Also, cortisol attenuated the heat shock-induced hsp90 mRNA accumulation in trout hepatocytes in primary culture (11) . The mechanism(s) for this attenuation is not known. A recent study using transformed cell lines expressing a human hsp70 promoter provided evidence for a GRmediated inhibition of heat shock factor 1 (HSF1) as a possible mechanism for the attenuated heat shock response (12) . Considered together, these results argue for a negative impact of stressor-mediated glucocorticoid stimulation on the heat shock response. As elevated levels of glucocorticoid, either due to stressor exposure and/or pathological conditions, cause GR downregulation and restrict GR signalling (13), it appears likely that GR dynamics may be involved in the attenuated hsp70 response with cortisol (9), but this has not been tested before.
We set out to characterize the role of chronic glucocorticoid stimulation on hsp70 response using a physiologically relevant model system, the trout hepatocytes in primary culture (5, 11) . The role of cortisol on hsp70 response was examined by measuring protein synthesis and degradation by a combination of 35 S-labelling and immunodetection, using trout-specific hsp70
and GR antibodies. Proteasomal inhibitors, lactacystin and MG-132 (14, 15) , were used specifically to determine the role of the proteasome on GR and hsp70 turnover. Our results implicate proteasome-mediated GR degradation as a possible mechanism for the attenuated hsp70 response with cortisol in heat-shocked trout hepatocytes.
METHODS

Primary Cell Culture. Rainbow Trout (Oncorhynchus mykiss) were obtained from Rainbow
Springs Trout farm (Thamesford, Ont) and were maintained at 12 ± 1 °C on a 12-h light/dark cycle. Trout were acclimated for at least 2 weeks prior to experimentation and were fed once daily to satiety (3 pt sinking food; Martin Mills Inc., Elmira, Ont). Rainbow trout hepatocytes were isolated using collagenase perfusion according to established protocols (11) Vancouver, Canada). This antibody recognized the total hsp70 (hsp70 and hsc70) in rainbow trout tissues (19, 20) . For GR, a polyclonal trout GR antibody was used at 1:1500 dilution (B. 
RESULTS
Cortisol lowers hsp70 accumulation in trout hepatocytes in primary culture. Heat shock (+15°C for 1 h) resulted in a preferential incorporation of 35 S-methionine into a 70 kDa protein after 2 and 24 h of recovery from heat shock (Fig. 1A ). This newly synthesized protein was confirmed to be the inducible hsp70 using a trout-specific total hsp70 antibody (Fig. 1B) . The weak 70 kDa band seen in the absence of heat shock is hsc70 because the antibody cross-reacts with both the constitutive and the inducible forms of hsp70 (Fig. 1B) . However, the lack of any change in hsc70 expression with heat shock, detected using a trout-specific hsc70 antibody (data not shown), further confirmed that the significantly higher hsp70 content at 6 and 26 h after heat shock was indeed the inducible hsp70 (Fig. 1C) . The synthesis of 35 S-hsp70 was lower with
cortisol at all time points tested post-heat shock ( Fig. 2A) (Fig. 3B) . Cortisol treatment had no significant impact on hsp70 decay in the present study (Fig. 3C ).
Cortisol downregulates glucocorticoid receptor (GR) in trout hepatocytes.
As cortisol affects hsp70 synthesis, we examined whether GR signalling may be a factor in the attenuated heat shock response. Cortisol treatment significantly decreased GR protein expression in trout hepatocytes in the absence of heat shock (79 % and 81% of control for 100 ng/ml and 1000 ng/ml cortisol respectively). Cortisol also significantly decreased GR protein expression in heatshocked trout hepatocytes (Fig s. 4A and 4B ). Proteasomal inhibition by lactacystin and MG-132 significantly increased GR expression either in the absence or presence of cortisol (Fig. 4C) implicating a role for the proteasome in the GR degradation process in trout hepatocytes.
Proteasome is involved in the hsp70 response by cortisol. In the absence of heat shock, cortisol had no significant effect on hsp70 expression in trout hepatocytes (Figs. 5A and 5B).
The proteasomal inhibitors, lactacystin and MG-132, significantly increased hsp70 expression in unstimulated trout hepatocytes either in the presence or absence of cortisol (Fig. 5C ). The hsp70 response was significantly higher with MG-132 compared to lactacystin (Fig. 5C ).
In heat-shocked cells, cortisol significantly decreased hsp70 accumulation over a 24 h period compared to the control cells (Figs. 6A and 6B ). Inhibiting the proteasome, did not significantly affect hsp70 expression in heat-shocked hepatocytes in the absence of cortisol, but in the presence of cortisol hsp70 expression was significantly higher compared to the control group (Fig. 6C) . Also, this cortisol-mediated hsp70 response was significantly higher with MG-132 than with lactacystin (Fig. 6C) . These results imply that the proteasome is involved in the attenuated hsp70 response by cortisol in heat-shocked hepatocytes.
DISCUSSION
Our results show for the first time that chronic cortisol stimulation affects hsp70 turnover in heat-shocked trout hepatocytes. Trout hepatocytes synthesized hsp70 over a 24 h recovery period after a 1 h heat shock (Figs. 1A and 2A) and the sustained synthesis of hsp70 evident in the present study may perhaps be due to the higher intensity (+15 o C) of heat shock. Despite the higher intensity of heat shock, the cell viability was not altered (5) and may be attributed to the accumulation of hsp70 (Fig. 1C) , preventing proteotoxicity and allowing cells to cope with the stressor (8). The significantly lower hsp70 accumulation by cortisol (Fig. 2C) suggests that glucocorticoids may compromise hepatocyte capacity to elicit an hsp70 response in rainbow trout. The in vitro finding did concur with a recent study showing that chronic glucocorticoid treatment in vivo decreased the heat-induced hsp70 expression in rainbow trout liver (9), clearly establishing the physiological relevance of our hepatocyte system. Also, this observation was not unique to trout because other species of fish (9) and rat brain slices (10), as well as transformed cell lines (12) showed a similar glucocorticoid-mediated heat shock response.
The obvious mechanisms for attenuation of the hsp70 response with cortisol would include either decreased synthesis and/or increased degradation of hsp70. 35 S-labelling studies did show that cortisol lowered heat shock-induced nascent hsp70 synthesis ( Fig. 2A) arguing for a sustained attenuation of hsp70 synthesis over a 24 h period. This down-regulation of hsp70 synthesis could account for the significant drop in hsp70 accumulation by cortisol in heatshocked hepatocytes (Fig. 2C) . Also, the lack of a cortisol effect on 35 S-hsp70 decay (Fig. 3C) clearly argues against hsp70 degradation as a possible cause for the attenuation of the heat shock response. Together these results suggest that cortisol affects hsp70 turnover by decreasing the protein synthetic capacity in heat-shocked hepatocytes. The mechanism(s) behind glucocorticoid-mediated attenuation of hsp70 synthesis is not clear, however, a recent study with mouse L929 cells implicate a GR-mediated inhibition of HSF1 as the likely cause for the attenuation of the heat shock response (12) . Also, we showed that cortisol lowered hsp90 mRNA accumulation in response to heat shock in trout hepatocytes (11) suggesting that GRmediated hsp response may be transcriptionally regulated. If that is the case, then treatments that affect cellular GR levels may potentially modulate the heat shock response.
In fish, including trout, cortisol treatment and/or stressors that stimulate cortisol elevation, decrease liver GR capacity in vivo (22) . It is well established that chronic cortisol stimulation downregulates GR levels in vitro in mammalian system (13) and in trout hepatocytes in primary culture (present study). Also, heat shock, even in the absence of cortisol, downregulates GR in trout hepatocytes, but this decreased GR correlated with elevated hsp70 content (5). Consequently, the lower hsp70 expression in heat-shocked hepatocytes in the presence of cortisol argues for a direct ligand-mediated GR impact on hsp70 expression in the present study. As cellular glucocorticoid response is directly proportional to GR capacity (13; 5), the downregulation of GR may be a reason for the decreased hsp70 synthesis with cortisol in the present study (Fig. 2C) . As the proteasome is involved in ligand mediated GR downregulation, inhibition of the proteasome may be one possible way to increase GR levels. Indeed proteasomal inhibition increased GR expression and also GR transcriptional activity in COS-1 and HeLa cells implicating a role for the proteasome in the GR signaling process (13). Our results are in agreement showing that the proteasome is involved in cortisol-mediated GR downregulation also in heat-shocked trout hepatocytes (Fig. 4C) . However, the increase in GR expression with MG-132 and lactacystin were similar either with or without cortisol (Fig. 4C) , suggesting that the GR downregulation by cortisol may not be fully accounted for by the proteasome and may also include lower GR synthesis.
Inhibiting the proteasome did result in significantly elevated hsp70 accumulation only in the absence, but not in the presence of heat shock in trout hepatocytes (Figs. 5B and 6B). The higher hsp70 accumulation in the absence of heat shock is not surprising given the fact that inhibition of the proteasome causes accumulation/aggregation of proteins that are normally bound for degradation, in turn activating the heat shock transcriptional machinery (23, 24, 25, 26) .
Indeed, the significantly higher hsp70 response with MG-132 compared to lactacystin provides further support to this argument because MG-132 is a general inhibitor of the proteasome resulting in higher protein accumulation relative to lactacystin, which is substrate-specific. If this was the case, then with heat shock we should have seen a higher hsp70 accumulation with the inhibitors, but the lack of any change may imply inhibition of the proteasome with heat shock in trout hepatocytes, favoring hsp70 accumulation (Fig. 1C) . The mechanism(s) associated with heat shock-mediated proteasomal inhibition is not clear, but studies showed that heat shock locks the 20S proteasome in an inactive state and reduces ATP-dependent activation of the 26S complex (27) . Also, heat shock reduced mRNA levels of proteasomal subunits including MC3 (27) . We have shown that GR accumulates in heat-shocked trout hepatocytes treated with the proteasomal inhibitors (Fig. 4C ) clearly arguing against a complete heat shock-induced inhibition of the proteasome, but instead raises the possibility that the heat shock response may be specific to hsp70 degradation.
Inhibiting the proteasome did result in significantly elevated hsp70 accumulation in the cortisol group compared to the control group in heat-shocked trout hepatocytes (Fig. 6C ). This would suggest that cortisol is mediating hsp70 breakdown via the ubiquitin-proteasome pathway in heat-shocked trout hepatocytes. However, that appears unlikely given the fact that direct measurement of 35 S-hsp70 decay showed no significant effect of cortisol on hsp70 breakdown in trout hepatocytes (Fig. 3C) . Therefore, it appears likely that the higher hsp70 content with cortisol is due to increased protein synthesis in these cells. Furthermore, the higher hsp70 accumulation with the proteasomal inhibitors in the cortisol group correlated with a higher GR content in these cells (Figs. 4C and 6C) suggesting a role for GR signaling in the regulation of hsp70 response in trout hepatocytes. This notion finds support from a recent study showing that proteasomal inhibition not only increased GR levels, but also enhanced GR transcriptional activity in mammalian cell lines (13) .
The GR response to cortisol stimulation was similar with both the proteasomal inhibitors, whereas the hsp70 response was greater with MG-132 than with lactacystin ( Fig. 4C and 6C) implying that perhaps other proteins, including transcriptional factors, whose breakdown is inhibited by MG-132, may be involved in the GR-mediated transcriptional regulation of hsp70 in trout hepatocytes. Taken together, these results clearly establish the importance of the GR signalling pathway in the heat shock response in trout hepatocytes. The proteasome may be playing a key role in the GR-mediated transcriptional regulation under stressful conditions, especially those resulting in chronic cortisol stimulation. This may include proteasome-mediated repression of the ligand-dependent GR transcriptional signalling as evidenced in studies with transformed cell lines (13) . Also, the observation that glucocorticoid inhibits hsp70 transcription via HSF1 (12), suggests other possible mechanisms in addition to GR downregulation, that may modulate hsp transcription in stressed cells. The concentration of cortisol used in the present study mimics physiological levels seen in healthy unstressed humans (during their diurnal cycle; (28) suggesting that the heat shock response may follow a diel pattern in humans. The clinical implications are that the cellular stress coping mechanisms, especially the role of molecular chaperones in protecting cells from proteotoxicity, may be compromised in individuals either on a daily basis (associated with diel changes in cortisol levels) and/or due to chronic cortisol overstimulation associated with stress and/or pathological states. As glucocorticoids are playing an important role in regaining homeostasis post-stress (1, 22) , it remains to be determined whether the decreased hsp70 response with cortisol is either adaptive and/or maladaptive.
In conclusion, our study showed that elevated cortisol levels, typically seen in animals exposed to chronic stressors, affects hsp70 turnover in heat-shocked cells. Specifically, cortisol decreased hsp70 synthesis and lowered the hsp70 accumulation evident after a heat shock in trout hepatocytes. We provide evidence that GR protein degradation, mediated by the proteasome, as a mechanism for the attenuated hsp70 response by cortisol. Our study establishes for the first time a mechanistic link between the stress-induced endocrine response and the cellular heat shock response using a physiologically relevant cell system. 
